We report a detailed study of the polymorphic transitions in ternary stannide CeRuSn on high quality single crystals through a combination of X-ray diffraction experiments conducted at 300, 275 and 120 K, and measurements of the thermal expansion, magnetization, and resistivity, along main crystallographic axes. In addition, the transition was followed as a function of pressure up to 0.8 GPa. The present X-ray diffraction data show that the room temperature polymorph consists of the lattice doubled along the c axis with respect to the CeCoAl-type structure consistent with previous reports. Upon cooling, the compound undergoes two successive transitions, first to a quintuple (∼ 290 K) and than to a triple CeCoAl superstructure at ∼ 225 K. The transitions are accompanied by a tremendous volume change due to a strong shrinking of the lattice along the c axis, which is clearly observed in thermal expansion. We advance arguments that the volume collapse originates from an increasing number of crystallographically inequivalent Ce sites and the change of ratio between the short and long Ce-Ru bonds. The observed properties of the polymorphic transition in CeRuSn are reminiscent of the γ → α transition in elementary Cerium, suggesting that similar physics, i.e. , a Kondo influenced transition and strong lattice vibrations might be the driving forces.
I. INTRODUCTION
The 4f electron in Cerium is energetically weakly bound despite the fact that it resides deep within the core of the atom. This is due to the relatively extended nature of the 4f wave function. Strong correlations between the Ce 4f electron and hybridization between the 4f state with those of the ligand states arise in Ce compounds and hence the local environment of the Ce-atom dictates whether this electron will remain bound within the core (Ce 3+ state), join the spatially extended valence electrons (Ce 4+ state), or reside with certain probability in each. In the last case, the atom is said to be in an "intermediate valent" state with fluctuating charge occupancy of the 4f shell state. 1-3 The fragile character of the 4f electron due to its sensitivity on interatomic distances, as this determines the hybridization strength, is capitalized on for example investigating quantum critical phenomena, where by either applying hydrostatic pressure or chemical substitution the unit-cell volume shrinks or expands with the result that ground state of the material under investigation changes.
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Knowledge about the electronic structure and understanding its relation to the physical properties observed in intermetallics, and in particular rare earth based compounds is an ambitious undertaking in condensed matter research. Investigation by varying the properties utilizing pressure or chemical substitution is one way. In addition, some compounds exist in more than one crystallographic structure. 6 By means of pressure and/or temperature it is possible to convey one into the other reversibly. Such polymorphic transitions allow for comparative study. 7 The chemical composition is retained but bonds of the individual atoms and therefore, the overall electronic structure and related physical properties can differ significantly. An example is LaIr 2 Si 2 . Polymorphism of LaIr 2 Si 2 between a high-temperature phase of the primitive tetragonal CaBe 2 Ge 2 -type structure and a low-temperature phase of the body-centered tetragonal ThCr 2 Si 2 -type structure has been demonstrated by Braun et al.. 8 Notably, the high-temperature modification displays superconductivity below 1.6 K, while the low-temperature phase is normal down to 1 K.
The polymorphic isostructural γ (fcc) → α (fcc) transition in elementary Cerium 9 is illustrative for the difficulty in understanding the complexity between "chemical bonds", "physical properties" and "structural transition" especially in materials with electrons near the boundary between itinerant and localized behavior.
a large volume collapse of ∼ 17 % at room temperature and pressure ∼ 0.8 GPa. A general consensus exists to attribute the transition to an instability of the Ce 4f electron.
However, Johansson 11 explained the γ → α transition as sort of Mott transition in which the localized 4f electrons in the γ-phase become itinerant and participate in bonding in the lower volume α-phase. This model continues to compete with the Kondo-volume-collapse scenario, 12,13 which assumes that the 4f electron is localized in both the γ-and α-phases.
The loss of magnetic moment in the α-phase results from screening of the moments by the surrounding conduction electrons. To complicate, latest neutron and X-ray diffraction studies acknowledge the importance of lattice vibrations as well.
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In many aspects the recently observed polymorphic transition in the equiatomic stannide CeRuSn seems to have much in common with the γ → α transition in Cerium.
CeRuSn at room temperature crystallizes in a superstructure modification of the monoclinic CeCoAl-type crystal structure (new monoclinic type, space group C2/m) with lattice parameters a = 11.561(4)Å , b = 4.759(2)Å , c = 10.233(4)Å , and β = 102.89(3)
• .
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As a consequence of this doubling of the original CeCoAl unit cell along the c axis, the compound possesses two crystallographic independent cerium sites labelled Ce1 and Ce2.
Although topology of both Cerium sites is identical, five rhodium, six tin, and six cerium atoms in the coordination shell, the tiny changes in interatomic distances, most notably the Ce-Ru bonds (Ce1-Ru: ranging from 2.33 to 2.46Å ; Ce2-Ru: ranging from 2.88 to 2.91Å ) result in Ce1 being in intermediate valent state while Ce2 shows strong localization of the f electron as suggested by magnetic susceptibility experiments. 16, 17 This presumption is borne out by electronic structure calculations 18 and proven by X-ray absorption near-edge structures (XANES) data. 19 Latest yields average valencies of 3.18 for Ce1 and Ce2.
The polymorphic transition in CeRuSn sets in just below room temperature at ∼ 290 K and is completed at around ∼ 160 K upon cooling. The reverse transformation occurs on heating with ∼ 170 K and ∼ 320 K as the onset and end temperatures, respectively. Initial measurements of the magnetic susceptibility, specific heat, thermopower, and resistivity were performed on polycrystalline samples. 17 The transformation was smeared out and manifested as broad hysteresis with a cusp-like structure in resistivity, a step-like decrease of the susceptibility, a broad hump in the specific heat and a strong increase in thermopower.
A detailed analysis of the transition by means of synchotron X-ray diffraction experiments on a single crystal revealed that the room temperature phase is replaced by a set of close to commensurate modulations along the c axis, namely quintupling (∼ 290 K) and (dominant) quadrupling (below 210 K) before finalizing (∼ 180 K) in an ill-defined modulated ground state, which is close to a tripling of the basic monoclinic CeCoAl-type structure.
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The present work gives a detailed examination of the physical properties of the polymorphic transition of CeRuSnḞor this purpose, measurements were performed on high quality single crystals. The lower amount of crystal lattice defects, absence of grain boundaries and the ability to perform experiments along specific crystallographic orientations allows us to resolve details related to the transition and to attribute those signatures in the experiments to the respective modulation in the structure.
II. EXPERIMENTAL DETAILS

Sample preparation
Single crystals of CeRuSn were prepared in two stages. First a polycrystalline button of the nominal 1:1:1 stoichiometry was synthesized using elements of purity 3N Ce (Ce from Alpha Aesar which was additionally purified by solid state electrotransport technique 20 ), 4N Ru and 5N Sn as starting materials. The reaction of the stoichiometric mixture of the elements was performed on a water-cooled copper crucible in a mono-arc furnace under 6N Argon atmosphere. The mass difference before and after the reactions was negligible (< 0.1 %). The crystal was than grown utilizing a modified Czochralski technique; the button was remelted in a tri-arc furnace under 6N Argon protection atmosphere and a tungsten rod was used as a seed.
The quality of the single crystal was checked by X-ray Laue back-scattering, which was also used for orienting the crystals later on. The chemical composition was verified employing a Tescan Mira I LMH scanning electron microscope (SEM). The instrument is equipped with a Bruker AXS energy dispersive X-ray detector (EDX). Within the accuracy of the device, no impurity phases were resolved and the measurement confirmed the correct 1:1:1 stoichiometry.
Afterwards, the crystal was cut for further analysis. One piece was pulverized and examined at room temperature by means of powder X-ray diffraction (Bruker D8 Advance diffractometer with Cu-K α radiation with λ = 1.5405Å ). The obtained diffraction patterns were refined by Rietveld analysis using FULLPROF. 21 The analysis confirmed the CeCoAl superstructure and the corresponding lattice parameters agreed well with those values reported in literature.
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The other piece of the crystal was annealed at 700
• C for one week in vacuum (p = 1 × 10 −6 mbar) in order to improve homogeneity. In the following, the whole characterization procedure was repeated unveiling no significant differences.
Experimental setup
From the annealed single crystal a small piece was cut for investigating the crystal structure by X-rays at defined temperatures. Therefore, the approximately 0.1 × 0.1 × 0.1 mm 3 piece was placed inside a Lindemann capillary. The capillary itself was mounted into a
Bruker Apex II diffractometer with Mo-K α radiation (λ = 0.71073Å ). In order to reach lower temperatures, the capillary was inserted into a flow of cold nitrogen gas. The crystal structure was resolved by direct methods 22 and adjacent refinement was done by full-matrix least-squares based on F 2 .
Bulk properties were retrieved employing standard equipment. The magnetization was measured in a MPMS7 (Quantum Design). Data were collected in the temperature range from 1.8 to 350 K and in fields up to 7 T. Resistivity, Hall resistivity, thermopower, thermal conductivity were measured in a PPMS14 (Quantum Design) using the respective optional accessories of the device. The temperature was varied between 1.8 and 350 K and magnetic fields up to 14 T were applied. The resistivity was measured using standard 4-point technique. In order to reduce contact resistance, the 25 µm diameter Au-wires were spot welded onto the sample. Measurements of the resistivity were performed at ambient and hydrostatic pressure. For the later, the PPMS device was used only to control temperature. The sample was loaded into a double cylinder CuBe/NiCrAl pressure cell.
Daphne 7373 oil was used as pressure medium and the applied pressure was determined at room temperature utilizing a manganin manometer.
The thermal expansion was measured in a temperature interval of 180-340 K. The sample was built into a miniature capacitance cell. 23 The capacity was read out by an Andeen
Hagerling 2500A capacitance bridge. The cell was inserted into the PPMS whose controlling was used to set temperature.
Most of the experiments were conducted on both, the as cast and the annealed single crystals. The quality of the crystals improved considerably by annealing. The resistivity behavior of the as cast crystals to some extent resembled the results of the polycrystalline sample presented in earlier work 17 that is a single broad hysteresis, which differs in detail depending on the current direction with respect to the crystallographic axis. On the contrary the annealed crystals exhibit two sharp transitions evident for two distinct transitions as will be discussed below. In addition, differences in the hysteresis of each of the transitions could be resolved. Results presented in this report were obtained on the annealed crystals. The bulk properties were measured with respect to the three principle crystallographic axes. Data shown have been collected on two batches. The resistivity and susceptibility experiments were performed on batch I, while for thermal expansion a piece from batch II was used.
Hence, slight differences in the respective transition temperatures are observed, which we attribute to sample dependencies.
III. RESULTS
A. Measurement of bulk properties while decrease of the resistivity is only a fraction of the increase at T c U . Interestingly, this T c L transition, although slightly shifted towards lower temperatures, is observed in the polycrystal as well. However, contrary to our data, resistivity increases. Below 3 K, resistivity reveals a third anomaly, which can be attributed to the onset of antiferromagnetic ordering reported earlier. 17 In the following, discussion on the antiferromagntic order is Detailed dilatometric measurements performed on a well-defined single crystal provide important information on the evolution of the lattice parameters. The thermal expansion was measured along each of the three principle crystallographic directions. As presented in coincide except for the T w U transition. This difference likely arose because a sample from batch II had been used, as mentioned in section II.
B. X-ray single crystal study of polymorphs
The presented results on resistivity, magnetization and thermal expansion conflict in many ways with earlier studies. 16, 17 Moreover, it was mentioned in the introduction that in CeRuSn several polymorphic transitions gradually emerged on cooling, which gave rise to additional reflections in the diffraction patterns obtained by synchotron experiment. 19 Those superstructure reflections can be described by nearly inverse-integer folded propagation vectors having non-zero c components only. The first transition takes place just below room temperature, changing from a 1 / 2 -to a 1 / 5 -like modulation. Upon cooling, these the ratio between ∆c red standing for the c axis modified to room temperature size and the room temperature c axis value. It estimates the real change of crystal dimension along the c direction. become partially suppressed and replaced by 1 / 4 -like ones, which are dominant at 210 K.
Finally, a 1 / 3 -kind modulation develops having the most intensive reflections below 180 K.
This one coexists with the aforementioned modulations down to at least 100 K. 19 While T c U can be attributed to the first polymorphic transition ( 1 / 2 → 1 / 5 ) no evidence is found in the data for the structural change 1 / 5 → 1 / 4 , which at least is accepted to manifest in thermal expansion being an extremely sensitive experiment on lattice changes. To anticipate speculations about the structure, a detailed X-ray single crystal diffraction study over the majority of the reciprocal lattice and at defined temperatures was conducted.
The following temperature sequence was applied: 300 K, 290 K, 275 K, 120 K and 200 K matching the regions for determining the structure above T low temperature (120, 200 K) phase, respectively, is larger than in the room temperature polymorph (300, 290 K). The structure at 300 K (Fig. 5) is practically identical to that one at 290 K and in accordance to previous reports. 16, 19 Upon cooling below the first transition to T = 275 K, a tremendous prolongation of the c axis is observed. The resulting superstructure can be described as a quintuple of the CeCoAl subcell with five crystallographically independent cerium sites (see Fig. 5 ). With further cooling down to 120 K, CeRuSn passes through the second polymorphic transition at T c L . The final, and only existing structure can be viewed as a tripling of the CeCoAl unit-cell exhibiting three different cerium sites (Fig. 5) . The nearest Ce-Ru distances for all phases are summarized in table II. With closer inspection of the crystallographic parameters, one can see that all the inter-atomic distances were more or less modified. But the crucial aspect seems to be the increased number of Ce positions with short Ce-Ru pairs (cf. table II). This explains the c axis contraction, since Ce-Ru bonds are oriented almost entirely along this direction and scales the distances along the c axis. Calculating the relative change of the average CeCoAl subcell from the obtained lattice parameters yields a shrinking of about 0.47 % (between room temperature and 275 K) and 0.70 % (between room temperature and 120 K) along the c axis, which is in line with the thermal expansion results.
IV. DISCUSSION
Signatures of the polymorphic transitions were presented for resistivity, magnetization and thermal expansion. We did not show the data on the thermoelectric power, temperature evolution of the Hall effect and thermal conductivity in which also a step-like structure was observed at the at T 
